Syn5 is a marine cyanophage that is propagated on the marine photosynthetic cyanobacterial strain Synechococcus sp. WH8109 under laboratory conditions. Cryoelectron images of this double-stranded DNA (dsDNA) phage reveal an icosahedral capsid with short tail appendages and a single novel hornlike structure at the vertex opposite the tail. Despite the major impact of cyanophages on life in the oceans, there is limited information on cyanophage intracellular assembly processes within their photosynthetic hosts. The one-step growth curve of Syn5 demonstrated a short cycle with an eclipse period of ϳ45 min, a latent phase of ϳ60 min, and a burst size of 20 to 30 particles per cell at 28°C. SDS-PAGE and Western blot analysis of cell lysates at different times after infection showed the synthesis of major virion proteins and their increase as the infection progressed. The scaffolding protein of Syn5, absent from virions, was identified in the lysates and expressed from the cloned gene. It migrated anomalously on SDS-PAGE, similar to the phage T7 scaffolding protein.
Cyanobacteria are ancient oxygenic photosynthetic organisms that originated about 3 billion years ago (62) . Marine cyanobacteria of the genera Prochlorococcus and Synechococcus belong to the dominant picophytoplankton and, on average, contribute about half of the primary production in the oceans (22, 38) . Of the two genera, Synechococcus is less abundant in oligotrophic zones but is more widely distributed in aquatic environments worldwide (53) .
Viruses are the most abundant life forms on Earth, with an estimated number of 4 ϫ 10 30 in the oceans (64) . Investigating their impact is an important part of understanding the biogeochemical processes in these environments (63) . Bacterial viruses contribute to microbial diversity by reducing the representatives of the dominant species, as described by "killing the winner" theory (66) . In the process of cell lysis, the released organic matter becomes readily available to heterotrophic organisms (44) . In the marine environment, gene transfer by viruses may be a key mechanism in generating and transmitting diversity (68, 75) .
The genomes of cyanophages published to date share remarkably similar features with enteric phages both in sequence homology and structural organization (12, 39-41, 45, 59, 60, 71) . Cyanophages have been shown to carry and express genes specifying proteins involved in host cell photosynthesis and other aspects of host cell physiology. Thus, they appear to be inseparable players in the life cycle of these photosynthetic organisms (13, 35, 36) . They also carry many genes for as-yet-unidentified functions. The known cyanophages are morphologically similar to the three groups of doublestranded DNA (dsDNA) bacteriophages isolated from common enteric bacterial species, Myoviridae (contractile long tails), Siphoviridae (noncontractile long tails), and Podoviridae (short tails) (70, 73) .
Syn5 is a dsDNA, short-tailed cyanophage isolated from the Sargasso Sea (70) . Its laboratory host is the cyanobacterial strain Synechococcus sp. WH8109 (61, 70) , which belongs to marine cluster A of Synechococcus, clade II, one of the most widely distributed clades in the world oceans (54, 77) . Electron microscopic (EM) studies of Syn5 show an icosahedral virion with a head diameter of 60 nm and a short tail (49) . Cryoelectron microscopy (cryo-EM) images reveal a mysterious long, flexible, fibrous hornlike protrusion always positioned on the capsid vertex that is opposite the tail. The horn is about 50 nm in length, 10 nm wide at its base, and 2 to 3 nm wide at its tip, and only one is observed per particle (Fig. 1a) . Bacteriophages such as X174, 29, PRD1, and PM2 carry fibers or spike structures on their capsids, but these are usually multiple molecules attached symmetrically to a number of vertices (3, 26, 43, 65) . Another cyanophage with an appendage on the vertex opposite the tail has recently been isolated (personal communication, W. Pope and R. Hendrix). Symmetrical cryo-EM reconstruction of the Syn5 capsid reveals an assembly of hex-americ and pentameric units. The capsid is decorated with three knoblike proteins associated with each hexamer, as well as with distinctive curved ridges radiating from the pentamer edges. Decoration proteins are found among other bacteriophages, e.g., SPP1, , ε15, and T5, but the knob arrangement of Syn5 is unusual (5, 9, 19, 29) .
Syn5 has a 46,214-bp genome, similar to those of T7-like phages, with an RNA polymerase gene and short terminal repeats (49) . The sequence encodes 61 predicted open reading frames (ORFs) with an organization typical of dsDNA phages, i.e., DNA replication genes clustered on the left and structural proteins on the right. The gene order shares high synteny with the order of T7 and with those of several cyanophages, especially Synechococcus bacteriophage P60 and Prochlorococcus phage P-SSP7. Photosynthetic genes are absent in Syn5, in contrast with other cyanophages (42, 55, 59, 71) .
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of Syn5 particles separated 11 distinct protein bands, summarized in Fig. 1b . Mass spectrometry (MS) of bands excised from the gel identified eight proteins closely resembling structural proteins in other dsDNA phages, including the coat, portal, three internal core proteins, and the tail apparatus components (49) . Five structural proteins-gp53, gp54, gp55, gp57, and gp58-are novel in that their sequences do not match other proteins in the NCBI database (BLASTp E value, Ͻ0.001) (1).
Studies of cyanophages from both fresh and marine waters have focused primarily on their ecology and population genetics. Our ability to grow high-titer phage preparations of Syn5 provides the opportunity to use it as a laboratory model for studying the intracellular growth and assembly of dsDNA cyanophages.
Phage assembly has been studied in detail in many dsDNA enteric viruses, and the processes share many features. The well-characterized dsDNA phages first assemble a precursor called the procapsid or prohead, composed of a coat shell filled with scaffolding protein and a portal complex occupying a unique vertex. These capsid structures lack condensed DNA. The roles of the scaffold and portal in procapsid formation are critical, as they participate in the initiation of the process and ensure the proper organization of the coat molecules in the correct conformation (4, 20) . The newly replicated DNA is then pumped into the procapsid shell as the scaffolding protein exits or is degraded. The capsid lattice expands, and the packaged genome is stabilized by the construction and attachment of the tail apparatus (30, 56) .
Capsid assembly through a procapsid intermediate is not limited to bacteriophages. Eukaryotic viruses, e.g., adenoviruses (15, 18) and herpesviruses (47, 50) , follow the same model. The latter have also been shown to contain a portaloccupied vertex with a role in DNA packaging (33, 46) .
Examining the assembly processes of bacteriophages infecting cyanobacteria should reveal aspects of DNA packaging into the virions, which may be important for gene transfer processes in the ocean. Since cyanobacteria branch early in the phylogenetic tree, these studies will enable us to better understand the evolution of phage structure, assembly, and DNA packaging. In this work, we describe the growth cycle of Syn5 and the purification, identification, and initial characterization of the procapsid assembly intermediate.
MATERIALS AND METHODS
Host growth. The Syn5 host used in all experiments was Synechococcus sp. strain WH8109 (kindly provided by John Waterbury), grown in artificial seawater (ASW). ASW was prepared as described by Wyman et al. (74) The cells were grown in controlled environmental chambers (Percival Scientific) at 28°C under continuous cool white fluorescent light at an irradiance of 45 to 50 mol m Ϫ2 s
Ϫ1
. The culture vessels were the same as described previously (49) . Cells were counted in a Petroff-Hauser chamber with an epifluorescence microscope (Zeiss Axiostar plus) fitted with a fluorescein isothiocyanate (FITC) filter. To store the cells, an exponentially growing culture was centrifuged at 9,500 ϫ g for 10 min and the cell pellet was resuspended and concentrated 10-fold in fresh culture medium. Dimethyl sulfoxide (7% final concentration) or glycerol (15%) was added as a cryoprotectant and equilibrated with the cells for 10 min at room temperature, and the suspensions stored at Ϫ80°C. To recover cells from frozen stocks, the suspensions were thawed on ice, transferred to ASW liquid medium, and for the first 2 days of incubation, shielded with aluminum window screens to reduce the light irradiance to about 5 to 10 mol m Ϫ2 s Ϫ1 .
Phage growth. Syn5 was purified as described in Pope et al. (49) , with some modifications. In brief, Synechococcus cells in mid-exponential phase (2 ϫ 10 8 to 6 ϫ 10 8 cells/ml) were infected with Syn5 with a multiplicity of infection (MOI) of 0.001. At 4 to 5 h after infection, the first signs of lysis appeared, i.e., green cell debris on the culture vessel walls and transition from the deep red color of the culture to bright pink. To obtain complete lysis, 0.1% Triton X-100 and 0.01 mg/ml of lysozyme were added and the lysate stirred at room temperature for about 1 h. The cell debris was then pelleted at 9,500 ϫ g for 15 min at 4°C, and the supernatant stored at 4°C. To improve phage precipitation, 500 mM NaCl (final concentration, 925 mM) was dissolved in the supernatant, followed by the addition of 10% (wt/vol) polyethylene glycol (PEG) 8000 and stirring overnight to 5 days at 4°C. The phages were pelleted at 9,500 ϫ g for 30 min at 4°C and resuspended in phage buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 100 mM MgCl 2 ). The suspension was loaded onto a CsCl step gradient ( [density in g/cm 3 ] of 1.3, 1.4, 1.5, and 1.6; each prepared in phage buffer, 50 mM Tris [pH 7.5], 100 mM NaCl, 100 mM MgCl 2 ), followed by ultracentrifugation at 28,000 rpm for 3 h at 8°C in an SW28 rotor (Beckman). The Syn5 scattering band typically sedimented at the interface of the 1.4 and 1.5 layers. The phage band was withdrawn with a needle syringe and dialyzed stepwise against 50 mM Tris, pH 7.5, 100 mM MgCl 2 buffer containing decreasing salt concentrations as follows: 2 M (1 h), 1 M (1 h), and 100 mM NaCl (2 h to overnight) at 4°C. Phage stocks were stored at 4°C. Determination of phage titers. Serial dilutions of phage suspensions were prepared in ASW. ASW agar (1% low-melting-point agarose; Invitrogen) was melted and held in a 32°C water bath until use. A sample of each dilution was mixed with 1 ml of exponential-phase Synechococcus cells (4 to 7 ϫ 10 8 cells/ml) and, after 2 to 3 min at room temperature, 3.5 to 5 ml of ASW agar was added and the sample mixed and poured into a 50-mm petri plate. PFU were counted following overnight (16 to 20 h) incubation under the same conditions used to grow cells (see "Host growth").
One-step growth curve. Synechococcus sp. strain WH8109 was cultured in ASW medium (as described in "Host growth") and grown to mid-exponential phase. It was diluted 2-fold in fresh medium the night before the experiment. Cultures with cell densities of 3 ϫ 10 8 to 7 ϫ 10 8 cells/ml were used. Only cells with bright yellow fluorescence were counted. A 20-ml aliquot was transferred to a 125-ml Erlenmeyer flask, infected with Syn5 at an MOI of 0.01, and incubated with shaking at 400 rpm on a VWR mini shaker (orbital diameter 3 mm, catalog number 12620-938) in a Percival light chamber. Further phage attachment was interrupted at 14 min after infection by diluting the culture (2 ϫ 10 4 -and 2 ϫ 10 5 -fold) in prewarmed ASW medium in two 125-ml flasks, followed by continued incubation under the same conditions. Samples were collected from the 2 ϫ 10 4 -fold-diluted culture at times from 30 to 70 min and from the 2 ϫ 10 5 -folddiluted culture at times from 80 to 120 min. At time 0 and after 14 min of infection, samples were collected from the original undiluted flask. Two sets of samples were collected at each time point. To determine the eclipse period, the first set of samples was treated with 1% (vol/vol) chloroform and incubated for at least 1 h before dilution and plating. To define the latent period, the second set of samples was left untreated, held on ice, and plated within a few minutes of collection. The titers of all samples were determined as described above. The experiment was repeated three times, and the mean result for each time point is plotted in Fig. 2 .
The host cells were adapted to grow under continuous light. Their growth stopped in the dark and the cultures did not recover even if illumination was resumed. However, we have yet to study the light dependence of the phage growth cycle.
Cloning, expression, and purification of Syn5 scaffolding protein (gp38). Syn5 g38 was amplified and NdeI and BamHI restriction sites added at the 3Ј and 5Ј ends, respectively, by PCR. The product was inserted into cloning vector pET15b (Novagen), which provides an N-terminal 6ϫHis tag. Following verification of the wild-type gene sequence by full-length DNA sequencing (Harvard MGH DNA Sequencing Core Facility), the construct was transferred into Escherichia coli BL21-Gold (DE3) (Stratagene) for overexpression. The protein was expressed for 3 h at 26°C following induction with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG). One liter of cells was pelleted, resuspended in 30 ml lysis buffer (25 mM Tris, pH 8, 300 mM NaCl, 30 mM imidazole, and 0.1% Triton X-100), and frozen at Ϫ80°C. For protein purification, thawed cells were treated with lysozyme for 20 min at room temperature (2 mg/ml) in the presence of protease inhibitors (Complete, Mini, EDTA-free, 1 tablet per 10 ml; Roche) and sonicated (5 times for 1 min each at 9 W), and the extract treated with DNase I (2 U/ml; Worthington) for 1 h at room temperature. The sample was centrifuged at 20,000 ϫ g for 20 min, and the supernatant incubated with Ni-nitrilotriacetic acid (NTA; Qiagen) agarose for 1 h at 4°C. The scaffolding fusion protein was eluted with 25 mM Tris, pH 8, 300 mM NaCl, and 150 mM imidazole. The purity of the elution fractions was confirmed via SDS-PAGE. The protein was dialyzed against 25 mM Tris, pH 7.5, 25 mM NaCl, 2 mM EDTA and stored in the same buffer at 4°C. The protein migrated as a 40-kDa band on SDS-PAGE gel. Liquid chromatography-electrospray MS analysis was performed for molecular mass confirmation of the purified product (Proteomics Core Facility, MIT). The protein was diluted to an appropriate concentration, desalted with a ZipTipC 4 , and analyzed on a QSTAR Elite mass spectrometer by isocratic elution from a reversed-phase trap with acidified aqueous solvent containing a high proportion of acetonitrile. The spectra generated from the elution were averaged, and the molecular mass spectrum was generated with QSTAR BioTools software. The purified product gave a molecular mass of 32,360 Da, in agreement with the theoretical value of 32,360.8 Da for the expressed fusion product of scaffolding protein, linker peptide, and His tag sequence. This product (2 mg/ml) was used to raise polyclonal antibodies in two New Zealand White rabbits by a standard protocol (Strategic Diagnostics, Inc.).
Time course of Syn5 protein synthesis during infection.
To analyze host and phage proteins during infection, 50 ml of cells was collected at different times after infection, concentrated 100-fold by resuspension in 0.5 ml of lysis buffer (50 mM Tris, pH 8, 100 mM NaCl) at room temperature, and frozen at Ϫ20°C. The cells were thawed and treated with lysozyme (2 mg/ml) for 30 min at room temperature, sonicated 5 times for 15 s each, and treated with DNase I (1 U/ml) for 1 h at room temperature. The cell debris was pelleted at 10,000 ϫ g for 10 min, the supernatants were decanted and retained, and the pellets were resuspended in the same volume of resuspension buffer. Pellets and supernatants were diluted 1:2, and the proteins separated by SDS-PAGE (12%) at 100 V for 2 h after boiling in reducing buffer (60 mM Tris, pH 6.8, 2% SDS, 5% ␤-mercaptoethanol, 10% glycerol, bromophenol blue for color) at 80 to 85°C for 10 min. The gels were Krypton stained (Pierce Biotechnology) and visualized on a Typhoon 9400 scanner. For Western blots, the gels were equilibrated in transfer buffer (10% ethanol, 25 mM Tris base, and 192 mM glycine) and the proteins transferred to a polyvinylidene difluoride (PVDF) membrane (0.45 m; Millipore) overnight in the same transfer buffer at 15 V constant voltage and 4°C (Bio-Rad Criterion transfer apparatus). The membranes were washed in phosphate-buffered saline (PBS)-Tween 20 (0.1% vol/vol) and blocked with 5% Carnation nonfat dry milk in PBS (pH 7.5) overnight at 4°C. The blot-probing steps were as described in the enhanced chemifluorescence (ECF) Western blot manual (Amersham). A mixture of primary rabbit antibodies-anti-Syn5 (Covance), anti-gp53 (Strategic Diagnostics), anti-gp54 (Pacific Immunology), and anti-gp58 (Strategic Diagnostics), all diluted 1:1,000-was used for the membrane probing whose results are shown in Fig. 3b . A 1:1,666 dilution of the anti-scaffold polyclonal antibodies (Strategic Diagnostics) was used to probe the membrane in the experiments whose results are shown in Fig. 4 and 5b. The membrane shown in Fig. 5a was probed with anti-Syn5 antibodies (Covance) diluted 1:2,000. For the experiments whose results are shown in Fig. 3b and 4 , the secondary antibodies were alkaline phosphatase (AP)-conjugated goat anti-rabbit antibodies (BioRad) at a dilution of 1:3,000. The secondary antibodies used for the experiments whose results are shown in Fig. 5a and b were AP-conjugated goat anti-rabbit antibodies (Amersham) at a 1:10,000 dilution. The membranes were incubated for 1 h at 4°C with the primary antibodies, washed, and incubated for 45 min at room temperature with the secondary antibodies. For visualization, they were soaked for 10 min in ECF substrate (Amersham) and scanned on a Typhoon 9400 (GE Life Sciences).
Purification of procapsids. A Synechococcus sp. strain WH8109 culture (1.4 liters) at 6 ϫ 10 8 cells/ml in ASW was infected with Syn5 phages at an MOI of 2 to 3. In test experiments, samples were harvested at different times from 20 to 90 min after infection. The optimal procapsid yield was determined to be at 40 to 50 min after infection, and 50 min was used for the results described here. Samples were collected in prechilled bottles and held on ice for 10 min. The cells from 1 liter of culture were pelleted at 7,200 ϫ g for 10 min, and the pellet was 
resuspended in 4 ml of 50 mM Tris, 100 mM NaCl. The lysis buffer also included protease inhibitors (Complete, Mini, EDTA-free, 1 tablet per 10 ml; Roche). Before infection, a sample of uninfected cells was collected and pelleted at 9,500 ϫ g. All samples were frozen at Ϫ20°C.
The cell pellets were thawed and lysed for 40 min with lysozyme (2 mg/ml) at room temperature and treated with DNase I (2 U/ml; Worthington) with gentle mixing on a rocker for 1 h at room temperature. The cell debris was pelleted at 20,000 ϫ g for 10 min at 4°C, and the supernatants were loaded onto a CsCl step gradient. To separate procapsids from mature phages, the following CsCl layers were found to be optimal for 1.5-ml samples concentrated 250-fold in 17.5-ml centrifuge tubes (Beckman): 2 ml with of 1.2, 3.5 ml with of 1.25, 4 ml with of 1.3, 4 ml with of 1.4, 1 ml with of 1.5, and 1 ml with of 1.6. The gradient was spun at 28,000 rpm (SW28 rotor; Beckman) for 3 h at 8°C. Procapsids migrated as an opalescent band at the interface of the layers with of 1.25 and 1.3, whereas the Syn5 DNA-filled particles migrated to the interface of the layers with of 1.4 and 1.5.
The initial CsCl-purified samples were contaminated with outer membrane vesicles. These contained host porins, as determined by mass spectrometry analysis. In early experiments, the vesicles did not separate well from the procapsids on sucrose gradients, and their amounts varied substantially. Mild treatments to lyse infected cells, such as using lysozyme alone and, most importantly, eliminating the sonication step, decreased the concentration of vesicles.
The procapsid band was harvested with a needle and dialyzed against phage buffer (50 mM Tris, pH 7.5, 100 mM MgCl 2 ) with a stepwise decrease of the NaCl concentration as follows: 2 M NaCl (1 h), 1 M NaCl (1 h), and 100 mM NaCl (overnight at 4°C). The procapsids were further purified on a 5-to-20% sucrose gradient at 42,000 rpm (SW55 Ti rotor; Beckman) for 1 h at 8°C. Twenty fractions were collected using a gradient fractionator (BioComp Instruments).
Electron microscopy. Phage and procapsid samples were blot dried on glowdischarged Formvar/carbon copper grids (Ted Pella) and negatively stained with 1% uranyl acetate. The grids were observed under a JEOL 1200 transmission electron microscope at 60 kV. Images were recorded with an Advanced Microscopy Techniques (AMT) XR41S side-mounted charge-coupled-device (CCD) camera and saved as TIFF files.
RESULTS
One-step growth. To characterize the growth of Syn5 in Synechococcus sp. strain WH8109, a one-step growth experiment was performed with cells in mid-exponential growth phase in ASW, at 28°C and irradiated under continuous light, at an MOI of 0.01 phages per cell (Fig. 2) . The presence of infectious particles was assayed by a plaque assay on WH8109 lawns incubated overnight at 28°C.
Under these experimental conditions (Fig. 2) , the first infectious particles appeared about 45 min postinfection (eclipse period; chloroform-treated samples, dashed line) and cell lysis began at around 60 min (latent period; no chloroform, solid line). The phage growth cycle was considerably shorter than the doubling time of the host, which was about 15 h under the same conditions. The growth cycle of Syn5 is the most rapid among cyanophages reported to date (39, 40, 48, 52, 72) . The average burst size in the triplicate data shown in Fig. 2 was about 24 infectious particles per cell, five to six times lower than that of the T7 group (69) but comparable to those of other marine cyanophages (72) .
Host and phage proteins during infection. To monitor the dynamics of the major phage structural proteins and major host proteins during infection, Synechococcus sp. strain WH8109 cells were collected by centrifugation at various times after Syn5 infection. The infected cells were lysed and fractionated into supernatant and low-speed pellet frac-
FIG. 3. Host and phage proteins during Syn5 infection. (a) SDS-PAGE (12%, Krypton stained) of supernatants (sup) and pellets (pel)
of infected cells collected at different time points from 0.5 to 120 min after infection. M, protein standard (Bio-Rad, Precision plus); 8109, uninfected Synechococcus sp. strain WH8109 host cells collected 10 to 20 min before infection; Syn5, infectious particles used in the experiment and run as control for phage structural proteins. The gp (gene product) samples (right panel) contain purified recombinant phage proteins gp37, gp53, gp54, and gp58. Protein annotation: gp45, internal virion protein; gp46, tail fiber protein; gp41, tail tube B; gp44, internal protein; gp54, novel structural protein; gp37, portal; gp53, novel structural protein; coat, capsid protein; gp43, internal virion protein; gp40, tail tube A; gp55, gp57, and gp58, novel structural proteins. (b) Western blot of a gel run in parallel to the one shown in panel a, probed with a mixture of anti-Syn5 polyclonal antibodies and rabbit serum raised against the recombinant forms of gp53, gp54, and gp58. (Fig. 3) .
Comparison of the protein patterns from uninfected and infected cells on SDS gels revealed that at least some host proteins remained relatively constant after infection; in particular, the strong bands at 45, 53, and 70 kDa were still present 60 min after infection (Fig. 3a) . In addition, the two lowermolecular-mass groups at about 18 and 22 kDa persisted through the infection. The 18-kDa protein band contained the antenna pigments of the host, identified by their color in the gel. In comparing protein levels before and after infection, it should be noted that infected cells lysed more efficiently than uninfected cells under the same conditions.
In the analysis of Syn5 proteins present in the mature virions (Fig. 3a, last lane) the coat protein and at least eight minor bands were visible. In the infected samples, the coat protein was present at 0.5 min after infection in the supernatant fraction. Although the 0.5-min sample was collected immediately following infection, some phage attachment to cells occurred during the centrifugation step. Thus, the phage proteins in the supernatants at early times (0.5 to 20 min after infection) probably reflect the presence of input phage released from cell membranes during lysis. The increase in coat protein at later times presumably represents new protein synthesized in the infected cells. The remaining viral proteins could not be unambiguously identified on the gel, partly due to interference by host proteins.
To more clearly follow the expression of the phage proteins in the infected cells, Western blots were carried out using a mixture of anti-Syn5 serum and polyclonal antibodies raised against the recombinant protein products of novel genes 53, 54, and 58 (Fig. 3b) . The anti-Syn5 antibodies, raised against whole-virion particles, would detect epitopes of proteins exposed at the surface of virions. In the Syn5 sample (Fig. 3b, last  lane) , the coat, tail fiber, and portal were very well recognized, as were several minor proteins-the two tail tubes (gp40 and gp41), the five novel proteins gp53, gp54, gp55, gp57, and gp58, and interestingly, one of the internal proteins, gp44. It may be that gp44 lies in close proximity to the portal in the internal core and, hence, was more exposed to the immune system of the rabbit than the other two internal proteins, gp43 and gp45. All of the virion protein bands were absent from the supernatant of uninfected WH8109 cells, while the pellet contained a protein of unknown function that migrated at a position similar to that of gp53.
As in the SDS-PAGE gel, the phage coat produced the strongest band in the Western blot (Fig. 3b) . It was present most abundantly in the early supernatant fraction; however, at 60 min and thereafter, it was recovered in the pellets as well. This may represent aggregated or misfolded coat protein, newly assembled phage adsorbed to cell debris, and particles in unlysed cells. In addition to the coat, most of the other proteins were resolved as of 40 min and clearly visible at 60 min. Other proteins with intensity patterns similar to that of the coat were the portal (gp37) and gp53. gp54 and the three small novel proteins, gp55, gp57, and gp58, were predominantly in the supernatant, clearly present as of 60 min, and increased over time. The tail fiber (gp46) and one of the tail tubes (gp41) were present in the pellets (40 min and later).
In summary, it is evident that as the host proteins were fading, the phage proteins were increasing in intensity.
Expression of the recombinant putative scaffolding protein. Scaffolding proteins, while required for assembly in dsDNA enteric bacteriophages, are absent from the mature virion. Gene 38 from the Syn5 genome was tentatively designated as the scaffolding protein gene based on sequence homology with genes of T7 and other bacteriophages. If Syn5 assembly is similar to that of the majority of the commonly studied dsDNA bacteriophages, it is to be expected that the scaffolding protein would not be present in the mature virion. As seen in the Western blot (Fig. 3b) , no proteins of the size expected for the scaffolding protein were detected using anti-Syn5 antibodies raised against whole virions. To examine whether gp38 is the scaffolding protein, its open reading frame was cloned and expressed and the resulting protein purified.
The product of gene 38 has a theoretical mass of 30.3 kDa and was predicted by Jpred 3 (14) to be an ␣-helical protein with a single ␤-sheet in the N-terminal region. The recombinant gp38 His-tagged fusion had a total calculated molecular mass of 32,360.8 Da (excluding the N-terminal Met), which was confirmed by liquid chromatography-electrospray MS analysis. Unexpectedly, it migrated with an apparent molecular mass of approximately 40 kDa (about 30% larger than expected) on 12% SDS-PAGE (see Fig. S1 in the supplemental material). Unboiled and boiled preparations of the protein were electrophoresed to examine whether there would be any change in behavior. However, as seen in Fig. S1 in the supplemental material, its mobility was not affected. Interestingly, this aberrant migration resembles that of the T7 scaffold (10, 58) . The two proteins share about 17% amino acid identity, in the central and, especially, in the C-terminal region, when aligned using Clustal W2 (34) .
Syn5 assembly involves a scaffolding protein.
To track whether the Syn5 scaffolding protein is expressed during the infection process, polyclonal antibodies were raised against the recombinant gp38 and used to probe the time course of Syn5 infection (Fig. 4) . Controls for the specificity of the antibodies were uninfected WH8109 cells, the recombinant protein itself, and Syn5 infectious particles. No bands corresponding to the scaffolding protein were detected in the uninfected WH8109 supernatants, at 0.5 min after Syn5 infection (Fig. 4) , or in the mature Syn5 virions (Fig. 4, right panel) . The polyclonal serum recognized a few host proteins weakly, but they were predominantly in the pellet fraction and of higher molecular mass than the scaffolding protein. In the recombinant protein control lane, there were two protein products, one with a size of 40 kDa and another at about 24 kDa, possibly a degradation product due to prolonged storage.
The anti-gp38 antibodies recognized five protein bands, predominantly in the supernatant of the infected cells (Fig. 4) . Their molecular masses range from 40 to 13 kDa. The 40-kDa band, together with the 29-and the 15-kDa products, were detected as early as 20 min after infection, peaking at 60 min and decreasing at later times. In addition, the other two bands, the 23 and the 13 kDa, appeared later (40 min) and persisted longer. The lower-molecular-mass bands are likely to be degradation products of the 40-kDa scaffolding protein. This may be caused by the scaffold's sensitivity to proteases resistant to inhibitors used in the experiment. Well-studied scaffolding proteins in other bacteriophages have been found to be highly protease sensitive (16) . Do Syn5 virions assemble through a procapsid intermediate? The evidence for scaffolding protein expression during Syn5 infection implies that the virus proceeds through an assembly pathway involving procapsids empty of DNA, similar to the dsDNA enteric bacteriophages, such as P22, T7, and T4. If scaffolding-associated procapsids are precursors of Syn5 virions, they should form early in the infectious cycle.
In an effort to isolate procapsids, infected host cells were sampled at 30, 40, 50, 60, and 70 min after infection and lysed. To distinguish capsids lacking DNA from DNA-filled virions, the lysate supernatants were loaded onto a CsCl density gradient. In these gradients, a band representing DNA-containing particles was visible between the layers with of 1.4 and 1.5, and a second, bluish-white scattering band was present in the layer with of 1.25. The two bands were resolved clearly. The intensities of both bands increased in samples from later time points. The time chosen as optimal for procapsid purification was 50 min after infection at 28°C. While the intensity of the band in the layer with of 1.25 was stronger at later times (60 to 70 min), SDS gels of these particles indicated significant contamination with ghosts (phages which have ejected or lost their DNA). Earlier times (30 to 40 min) yielded very faint bands in the layer with of 1.25.
To further separate capsids from cell structures, the band in the layer with of 1.25 was recovered and sedimented in a sucrose density gradient (5 to 20%). The gradient was fractionated, and the fractions were electrophoresed through SDS-PAGE and analyzed by Western blotting to assess the presence of virion proteins and the scaffolding protein.
The blot probed with anti-Syn5 antibodies (Fig. 5a ) revealed two rapidly sedimenting populations of coat protein structures at 240 S (fractions 10 to 12) and 340 S (fractions 15 to 17). The results also suggest that the portal might be present in both peaks, since a few faint bands are seen closer to the expected size of the portal. However, none of them aligns perfectly with the portal, so further investigation is needed. The presence of the portal is to be expected if the Syn5 assembly pathway is similar to that of other dsDNA phages. The Western blot analysis showed that the structures in both peaks lacked the tail Figure 5b shows the blot probed with anti-scaffold serum. The 40-kDa scaffolding species was present in both peaks. It cosedimented with the coat protein in both peaks (240 S and 340 S). In addition, there was a very faint 29-kDa scaffolding species. The data indicated that the scaffolding protein was associated with the coat in rapidly sedimenting large complexes. The fractions containing both types of particles (240 S and 340 S) were concentrated after the sucrose was dialyzed out, negatively stained with uranyl acetate, and examined under transmission electron microscopy. In both peaks, the images revealed spherical particles about 50 nm in diameter without taillike appendages (Fig. 6a and b) . Most were internally electron dense due, presumably, to the presence of the scaffolding protein and will be referred to as procapsids (Fig. 6d) . In some of them, the density filled the shells completely, while in others it lined the inner capsid surface, leaving a small empty area in the middle of the shell. Empty capsids lacking internal density and appearing more collapsed, instead of spherical, were present as well (Fig. 6e) .
The particles in both peaks were very similar in appearance. The 240 S peak (Fig. 6a) contained about 70% filled procapsids with a regular spherical shape containing internal protein densities, presumably representing the scaffolding protein. About 30% were stain-permeable empty capsids (Table 1) . These might be procapsids, which have lost the scaffold within the cells or during purification (31) . The 240 S peak also contained a background of stain-excluding 5-to 10-nm structures. We have not yet been able to identify the composition of this material. It may be derived from the extensive membrane system of the cyanobacterial host.
About 85% of the capsids in peak 340 S (Fig. 6b ) resembled the filled procapsids in the 240 S peak (Table 1) . About 10% resembled empty capsids (Fig. 6e) . Particles with a more angular shape (less than 5%) were present (Fig. 6f) . Although somewhat icosahedral, they lacked the tightly packed structure of the mature virion and did not exhibit tails.
In some of the procapsid particles, a localized feature of stain-excluding density in the coat shell was visible (Fig. 6d,  arrows) . This might be the core, composed of the portal and, possibly, the internal virion proteins. Since Syn5 has a horn structure, the density could also be the base of the horn. It could also be the scaffolding leaving the procapsids.
Critical factors for the success of the procapsid purification protocol were the elimination of Triton X-100 in the lysis buffer and lowered NaCl concentration. In the presence of detergent, empty shells of the coat protein were abundant as seen by EM, and no scaffolding protein was present in sucrose gradient fractions with these particles. Thus, in the presence of 0.1% Triton X-100 with 300 mM NaCl, the scaffold was apparently released from the procapsids. When Triton X-100 was eliminated from the lysis buffer and the NaCl concentration was lowered to 100 mM, the particles described above were obtained.
As noted above, the procapsid shells isolated were smaller in size than the 60-nm infectious mature Syn5 virions (Fig. 6c) . This suggests that the Syn5 virions may expand after DNA packaging, as in T7, P22, and (17).
DISCUSSION
Synechococcus sp. strain WH8109 is a member of marine cluster A, clade II (51), of the Synechococcus photosynthetic family, which is widely distributed in the world's oceans (77) . The ancestors of these cyanobacteria are likely to be among the earliest photosynthetic prokaryotes to have evolved in the marine environment. Enteric bacteria, populating the metazoan gut, are believed to represent a later branch of the prokaryotic tree. It is therefore likely that phages of cyanobacteria are ancestral to phages of enteric bacteria.
Syn5 had a life cycle that was remarkably short, with a latent period of 60 min, in comparison with the life cycles of other cyanophages studied under relatively similar experimental conditions (continuous light irradiation in the range of 15 to 50 mol m Ϫ2 s Ϫ1 and a temperature of 25 to 30°C). The latent periods of other cyanophages published to date are 9 h for S-PM2 infecting Synechococcus sp. strain WH7803 (72), 7 h for the Nostoc virus N-1 (48), 8.5 h for the AS-1 virus of Synechococcus elongates (52) , and 5 and 4 h for the two freshwater cyanophages Pf-WMP3 and Pf-WMP4, respectively (39, 40) . The burst size of Syn5 (20 to 30 PFU/cell) was comparable to those reported for marine cyanophage S-PM2. Another property of our system was the extensive lysis of the host cells, accompanied by obvious changes of pigmentation. These features, together with the plaque assay, make Syn5 a very promising model system to study in depth the physiology and molecular biology of the infectious process in cyanophages.
The anomalous electrophoretic migration of the scaffolding protein is not unusual. Such behavior has also been described for the scaffolds of bacteriophages (76), the external scaffold for P4 (16) , and as mentioned earlier, the scaffolding protein of T7. These three proteins also possess abnormal gel filtration patterns, eluting at higher than expected apparent molecular weights, which may be due to elongated shape. In the case of the Syn5 and T7 scaffolding proteins, both have highly negatively charged sequences with theoretical pI values of 4.16 and 4.31, respectively. Excessive charge has been shown to alter migration (25) , and replacing acidic amino acids with basic residues in highly negatively charged proteins can result in the predicted SDS-PAGE migration behavior (2) . Another explanation for anomalous migration is the presence of intrinsically disordered regions (27) , and a few such sequences were predicted to be present in both proteins by PrDOS (28). 
Total counted 150
a Particles were counted from the electron micrographs of each peak and grouped based on their appearance. The multiple protein bands detected with anti-scaffold antibodies raise the question of the fate of the scaffolding protein after building the procapsids. It is possible that the Syn5 scaffold is cleaved after phage assembly, as in T4 (6) and (24) . On the other hand, these degradation products may reflect the unstable nature of scaffolding proteins in general (16) or autoproteolytic activity possessed by gp38. The subunits may be recycled, as is the case for the scaffolding protein of P22 (31) .
A distinctive feature of the intracellular assembly of dsDNA phages and viruses is the formation of a procapsid shell, with the assistance of a scaffolding protein and containing a portal vertex, for DNA packaging and ejection (11, 21) . Upon DNA packaging into the procapsids, scaffold exits from the procapsids or is proteolysed and is replaced by tightly packed genomic DNA in an expanded mature capsid (8, 67) .
For dsDNA phages and viruses, the exit of the scaffolding subunits and the entry of the DNA is a complex process. This process is generally disrupted by cell lysis, resulting in particles which have lost the scaffolding protein but have not yet been stably filled with DNA. These species often have different sedimentation coefficients from the precursor procapsids. This was shown in the analysis of P22, where 240 S precursor procapsids are resolved from 170 S empty capsids, which are derived from intermediates in DNA packaging (32) . We presume that the two peaks of Syn5 particles (240 S and 340 S) observed here might be the precursor and a stage further along within the intracellular DNA packaging process. By analogy with P22, it seems that the 240 S peak is the breakdown product and the 340 S fraction is the precursor.
The classes of particles shown in Fig. 6e and f, lacking scaffolding and tightly packed DNA, resemble particles observed in lysates of P22-infected cells. Using pulse-chase experiments, together with mutants blocking late steps in DNA packaging and particle maturation, the P22 particles were shown to be derived from procapsids which had initiated DNA packaging but had not completed it at the time of lysis (32, 57) . The Syn5 icosahedral particles (Fig. 6f ) may have been derived from capsids that had packaged DNA in vivo, with the assistance of the Syn5 terminase (gp60), and gone through the procapsid-to-capsid lattice transition but had not been stabilized by the addition of the tail proteins that close the portal.
These experiments did not resolve the question of whether the horn of Syn5 is assembled on the procapsid or on the mature virion. These and other details of the assembly pathway are under continuing investigation.
The early appearance of scaffolding-containing procapsids in the infected cells and the absence of the scaffolding protein in mature virions indicate that these procapsids are precursors to the mature virion. The evidence suggests that dsDNA cyanophage Syn5 shares a procapsid assembly pathway similar to the pathway described for the dsDNA bacteriophages (most of them enteric) (8) . Given the high frequency of lateral gene transfer among dsDNA phages (7, 23) , it is possible that although the evolution of the host cyanobacterium precedes the emergence of enteric bacteria, the phages may have evolved in enterics and then spread in more recent times to cyanobacteria. However, since cyanobacteria precede enteric bacteria in evolution, it is reasonable to propose that the enteric bacteriophages inherited and preserved the assembly pathway originally evolved in the cyanophages.
